ABSTRACT The safety vent, the most important failsafe device of lithium ion batteries, is made of a highductility and a corrosion-resistant aluminum alloy. Safety vents are designed to release the gas pressure in the battery shell before a catastrophic explosion happens. This vent is required to keep a balance between the long service life and high operational safety. It is of great significance to understand the failure mechanisms and predict the life of the safety vent. This paper proposes a life cycle prediction method based on a two-phase physical degradation process. First, a piecewise creep equation is established to describe the degradation process of the vent under the slowly increasing inner pressure. Based on this equation, the total life cycle is divided into two parts: one is the time before gas pressure reaches the critical point at which the vent starts to creep and the other is the duration of time from that critical point to the failure threshold, which is calculated through accelerated degradation testing and the creep equation. Finally, life cycle prediction and uncertainty analysis are performed. It is believed that the proposed method can provide a reasonable and effective reference for the life cycle evaluation of the safety vent.
I. INTRODUCTION
The safety vent is a key component of a lithium ion battery, used in the power supply system of electric vehicles to avoid a catastrophic explosion due to the increasing inner pressure [1] , [2] . Owing to a diversity of chemical and thermal reactions during the cycles of charging and discharging, gas accumulation is inevitable in the service course of cells, the safety vent is designed to prevent the dangerous rupture of the cell casing through a safe release of internal pressure [3] , [4] . The vent is required to be reliable during the long service period. As such, it is necessary to understand the failure mechanisms of the safety vent and make an accurate life cycle prediction model. Current life cycle prediction approaches can be classified into the data-driven methods and physics-based approaches [5] - [7] . The data-driven method is based on statistical theory, and its accuracy strongly depends on the amount of failure data [8] - [10] . Considering the long service life of the safety vent (8 years) , no sufficient failure data are available as of yet [11] . The physics-based approach depends on good understanding of the failure mechanisms [12] , [13] .
The failure of the safety vent is due to a continuous and slow deformation process caused by inner pressure. The main degradation mechanism of the aluminum alloy vent is creep, which can occur at room temperature [14] . Creep life cycle prediction can be classified as extrapolation based on constitutive equations [15] , metallographic examination [16] , nondestructive testing [17] , or creep damage assessment [18] . The latter three methods just make an approximate life cycle evaluation based on historical experience; the extrapolation method based on constitutive equations is commonly used in the quantitative creep life cycle prediction. For instance, Evangelista and Spigarelli [19] predicted the creep life cycle of aluminum alloys produced by powder metallurgy using a unified constitutive equation. Jiang et al. [20] established an extended Nishihara model for the life cycle description of sandstone creep.
Many scholars study the mathematics describing the creep mechanism. For the primary creep stage, Andrade [21] proposed an empirical power-law equation to describe the time effect. For the steady-state stage, the hyperbolic sine model [22] was proposed to describe the relationship among the creep rate, temperature and stress. Based on this model, different stress-strain equations were developed. The Norton creep law was first introduced to interpret the steady-state creep process under the low stress condition [23] , [24] . The Dorton exponential equation [25] was developed to fit the actual creep deformation under high stress conditions. Then, in order to describe the whole stage creep process, some fullrange models were developed. Mcvetty [22] put forward the sine based power-law function to reflect the whole process between the strain and stress. Nobakhti and Soltani [26] established the theta function method to reflect the rate in the first and third creep stages.
However, these above models can only describe creep behavior under constant stress below the yield point. In reality, the vent undergoes the continuous increasing stress condition, sometimes beyond this point. It implies that the existing creep models are not suitable for the safety vent's life cycle prediction. Thus, a new creep induced two-phase degradation model is considered in this paper to predict the creep effect on the life cycle of the safety vent. In addition, some life cycle tests are conducted to identify the parameters of the model. As the long operational lifetime of these devices precludes normal stress tests, some literatures considers utilizing accelerated testing to identify or validate creep life cycle models [27] - [29] . Accelerated testing can get more life cycle information from a given amount of test time using an environment that is more severe than that experienced during normal equipment use [30] . Accelerated degradation testing (ADT) has been proven to be an effective accelerated testing method for products with long-term usage period [31] , which is used in this paper.
The remainder is organized as follows. The background, material analysis and modeling are introduced in Section 2. For describing the vent's actual creep-induced deformation process, a two-phase degradation model is established. In Section 3, a case study combining the gas production function and the accelerated degradation tests are illustrated. Detailed discussions about the life cycle prediction result are provided. Meanwhile, uncertainty analysis based on the degradation model is further discussed. Finally, some conclusions are summarized.
II. GUIDELINES FOR MANUSCRIPT PREPARATION A. BACKGROUND
A lithium-ion battery is a rechargeable battery, in which lithium-ions move back and forth between the negative and positive electrodes during the cycles of charging and discharging. It irreversibly generates gases and hence internal pressure owing to various chemical and thermal reactions. The gas production in the battery will gradually increase. This results in shell bulging, leakage or even an unexpected explosion [1] . In order to avoid a potential accident, a safety vent is integrated on the battery shell, which is designed to prevent the explosion of the battery (see Figure 1) . The operation mechanism of the safety valve is shown in Figure 2 . With increasing inner pressure, the safety vent is deformed (see Figure 2(b) ). Eventually, the pressure exceeds a critical value and the vent ruptures. The pressure is released (see Figure 2 (c)) and the battery is no longer functioning as the cell core is exposed to the atmosphere. In summary, the working principle of the safety vent is to rupture earlier than other parts, so the inner gas can be released through the vent when a certain inner pressure level is higher than the normal range.
The vent is designed to rupture for a pre-set gas pressure. However, during the long service lifespan of a battery, the safety vent is put under increasing force imposed by the inner increasing gas pressure. Due to the property of the material itself, the vent's structure strength degrades due to creep over time. It results in that the critical pressure level causing the vent rupture to decrease over time, which deviates from the initial design.
Therefore, it is necessary to investigate the degradation rule of safety vent and make an accurate life prediction of safety vent. In here, we define the critical gas pressure that cause the vent's rupture as the burst strength S. As Figure 3 presents, the solid line represents the decrease process of the burst strength. The dotted line shows the continuous increase of gas pressure in the battery. The abscissa value of the cross point of these two lines is the moment of vent rupture, which represents the total service time or the lifetime of the safety vent. 
B. MATERIAL PROPERTIES
The material of the safety vent is a new aluminum alloy which has excellent corrosion resistance and elongation performance. The nominal chemical compositions of alloy are shown in Table 1 .
The alloy vent is an oval metal sheet with a trapezoidal notch along the edge. Considering the size effect, the mechanical properties are measured by the specific monotone tensile test. The specimen size is given in Figure 4 . From the test result (see Table 2 ), this new type aluminum alloy has high ductility and malleability.
The creep tests were performed at 80, 85, 100 MPa and 80 • C on the same specimen for 120 hours. The creep curves are obtained from the tests as shown in Figure 5 . 
C. MODELLING
Generally, the burst strength of the vent without creep is determined by the initial properties of the material and its structural geometry. Once creep occurs in the vent, the stress concentration zone of structure becomes thinner, causing the burst strength to degrade. The total service life TF of safety vent can be described based on the general stress-strength model [32] :
The burst strength S, as the critical performance parameter for the safety vent, degrades owing to the creep. The gas pressure in the cell is nearly zero at initial use. With each charge/discharge cycle the inner pressure increases, making the vent stay at a low stress level for a long time. This process causes the vent to undergo elastic deformation. Once the gas pressure surpasses a critical point, creep of the vent will happen. This creep directly results in the burst strength declining.
The total failure process can be classified into two phases. The first phase is elastic deformation, which cannot cause actual damage of material (or the damage amount is too insignificant to consider). The duration time t 0 (see Figure 3 ) is defined as the time interval from the starting point of service to the moment at which the gas pressure accumulates to P c corresponding to the creep start point σ c .
The second phase can be explained as creep-induced degradation. When the material is exposed to an applied stress σ , the material can become metastable, with a driving force G ( G is related to σ ) favoring the creep state. However, the creep rate is limited by the activation energy G * , which is generally associated with the applied temperature. The micro mechanism can be interpreted by the flux divergence theory [33] .
Material degradation (voiding or accumulation of material is shown in the inner region of volume V in Figure 6 ) occurs due to a flux divergence. a region must be greater than or less than the flux of particles leaving the region. When this flux divergence occurs, regions of voiding or accumulation occur in the particle transport process.
As to the vent's creep owing to the presence of external force or heat activation effects, these regions cause an increase in plug dislocations in the vent material, forming a small angle sub-grain boundary. As the generation of plug dislocations continues, it results in alternating hardening and softening of the material. This process exacerbates the creep development. Based on the previous studies [25] , the creep rate depends exponentially on the temperature T and is related to the driving force F with the power-law form. The force F acting on an atom is derived from gradients in mechanical stress. Thus, the temperature and mechanical stress can be determined as the main kinetics affecting the creep process of the burst strength.
The creep rate (i.e., the degradation rate) during the whole life period can be written as followṡ
In the above equation,ε stands for the creep rate, T is the temperature level, n is the power-law exponent, σ is the mechanical stress, Q is the activation energy, and K B is the Boltzmann constant.
Note that, in Equation (4), the creep rate and the stress level of the safety vent cannot be detected during the operation. A viable alternative and practical formula needs to be further established.
During the actual failure process of vent, The degradation rate of burst strength dS/dt can reflect the creep rate. Based on the Cockcroft-Latham's ductile fracture criterion [34] , the rupture of the safety vent occurs when the accumulated strain exceeds the critical fracture strain ε total . Thus, the equivalent relation can be obtained that S = k · ε total , k is the ratio coefficient. It means that there is a one-to-one correspondence between the burst strength S and the total strain ε total . So, the degradation rate dS/dt and the creep rateε also exist the similar mapping relationship that dS/dt ∼ε.
Besides, the gas pressure P, as the source of the applied mechanical stress, can represent the effect of stress. The actual loading process is presented in Figure 7 . The safety vent is welded on the top cap plate of battery. The inner gas pressure generate a pressurization effect on the notch part. With the pressure loaded on the notch part, the force F applied on the notch part was calculated by the internal pressure of the battery as
where A 1 is an area of the bottom of the safety vent.
Based on the study of [34] , The calculated stress of the notch part was formularized with the calculated F, A 2 , and the stress concentration factor K t that equals
where A 2 is the projection area of the notch part, K t is the stress concentration factor determined by the shape parameters. From Equations (5) and (6), we can obtain that
The Equation (7) implies that the stress on the notch part is in proportion to the gas pressure. Thus, the equivalent relation can be obtained as follows:
Then, an practical formula for modeling the degradation process of the safety vent based on the Equations (4) and (8) is derived as
where B 0 , n and C are constants to be estimated. Given the initial burst strength S(0) of safety vent and integrating Equation (7), the accumulated degradation process can be described as
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From Equation (9), we can obtain that t 0 equals the time point that gas pressure is accumulated to P c ; and t 1 equals the period from t 0 to the moment when P = S crit .
D. UNCERTAINTY ANALYSIS
Uncertainty analysis is necessary when utilizing test data to fit the life cycle prediction model of Equation (8) . From the general stress-strength model presented in Equation (1), sources of uncertainty can be discussed separately in terms of stress and strength.
The internal gas pressure increases linearly as P(t) = P(0)+∂P/∂t ·t. The Arrhenius model determines the slope of the gas pressure function as
The constant parameter A f of the Arrhenius model is defined in terms of a probability distribution due to the batteries' manufacturing variability. Without loss of generality, we assume that A f follows a lognormal distribution with known mean and variance, i.e., ln A f ∼ N (µ A f , σ 2 A f ) [37] . Based on the gas pressure function, we obtain the following:
Moreover, the stochastic Wiener process is considered to explain the actual uncertainty of product's degradation path. This process can properly depict the uncertainty from material variance, unevenness, and variety of stress profile. The general Wiener process-based degradation model can be described as [38] 
where X (t) represents the degradation state at time t that satisfies X (t) = S(0) − S(t); σ > 0 is a diffusion coefficient, and B(·) is the standard Brownian motion; (t) is a nondecreasing time transformation function, and µ is the drift coefficient, In this case, the drift coefficient satisfies
Based on the assumption of the stochastic wiener process, the degradation increment equals
where
. Given the failure threshold equals w, the moment T that passes the threshold w at the first time obeys the transformed Inverse Gauss distribution, i.e. (T ) ∼ IG(w/µ, w 2 /σ 2 ), and the probability density function (pdf) of IG(b 1 , b 2 ) satisfies:
Then, the reliability function of safety vent equals
where (·) −1 represents the inverse of a function, r is the required reliability level. Note that, the failure threshold w is not a constant, satisfies w = S(0) − P(t), As P(t) is a random variable, w is also a random variable. From Equation (22), we can find that the input parameters w and µ of reliability function are both variables that obey different distributions related to the gas pressure function P(t). This difference induces variability in the final reliability of these devices' life cycles as presented in Figure 8 . This difference also implies that the operational lifetime of the device at the required reliability level r is also dependent on a time interval that assumed to be [TF low r , TF up r ]. Thus, traditional methods of obtaining the reliability curves by the theoretical derivation cannot be realized. The Monte Carlo simulation method [39] is used in this case to evaluate the reliability level. This method contains a two-level (or double-loop) simulation. In the outer simulation loop, the values of the uncertain parameters (ω, µ) are sampled and fed into the inner loop where the quantities are sampled. In practice, the following two steps are repeated ( Figure 9 ):
• Outer loop: Monte Carlo sampling of the uncertain parameters i (representing ω, µ) from the probability density function h i (θ i ). The obtained values at the generic j e th repetition of this step will be referred to as θ j e = (θ 
III. EXPERIMENTAL AND DISCUSSION

A. TEST CONDITIONS
To guarantee the safety during the actual tests, complete battery aluminum shells without the cell cores are selected to be the experimental subject for evaluate the safety vent's degradation model and to verify the accuracy of the model prediction. The safety vent is a 0.5-mm-thick sheet with a trapezoidal notch along the edge which is integrated on the cap plate of the shell (see Figure 10) . To evaluate the constants B 0 , n and C in the degradation model, constant-stress ADT tests under three different conditions were conducted. The test conditions were separately P = 0.4MPa, T = 358.15K; P = 0.35MPa, T = 383.15K; P = 0.3MPa, T = 403.15K. The constant gas pressure was provided by the pneumatic pump through the injection hole on the top cap of shell. The applied temperature level was provided by the thermostat. Under each condition there were twenty five specimens (see Figure 11 ). The total ADT tests lasted for 80 days. In actual, the vent burdens the varied pressure. So the results in constant-stress ADT tests were just used for the evaluation, not depicting the actual degradation of vents' burst strength.
To investigate the degradation of the vents' burst strength in ADT tests, we randomly selected up 5 of 25 specimens in each case separately in 0, 20, 40, 60, 80 days to conduct the rupture tests for the evaluation of vents' burst strength. The rupture test was performed to measure the burst strength (i.e. the rupture gas pressure) of the safety vent using the pressure nozzle and pressure sensor. The bottom of the safety vent is pressurized by increasing the gas from the nozzle. As the pressure is increased linearly, the rupture pressure was measured by the pressure sensor at the moment of the rupture of safety vent. The procedures of the rupture test last for a few minutes. The rupture test is a destructive test. As a result, specimens after the rupture tests cannot be put back into the ADT tests.
Validation tests are carried out in three cases with different test conditions to verify the proposed degradation model. They are separately P = 0.3MPa, T = 358.15K; P = 0.35MPa, T = 358.15K; P = 0.3MPa, T = 373.15K. The validation tests last for 120 days. Similarly, The measured variable is the burst strength of safety vents in 0, 20, 40, 60, 80, 100, 120 days. Compared to the test data and the model prediction, we can obtain the degree of proximity between the model and the experimental results. The test procedures are the same with the above description of ADT tests and rupture test.
B. EVALUATION AND DISCUSSION
The evaluation process to obtain the life prediction of the safety vent includes two parts: 1) the gas pressure timevariation function P(t); 2) parameters in the degradation model of burst strength.
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Firstly, we investigated the actual gas production of the battery with the continuous cycling times. The battery for evaluation is a 20Ah lithium ion battery with a Li[NixCoyMnz]O2 cathode and a carbon anode, which is one of the most widely used commercial lithium ion batteries where NCM polymer is utilized as the new generation cathode material. The polymer separator is made of polyvinylidene fluoride binder (PVdF). The electrolyte is 1M LiPF6 in EC (ethylene carbonates): EMC (ethyl methyl carbonate): DMC (dimethyl carbonate) (1:1:1 in volume). The entire cycling process includes a charge/discharge process with a 1 hour rest process between them. The cell was charged to 4.2V by constant current of 0.02C. After 1h rest, the charged cell was discharged at 0.02C to 2.8V. During the cycling process, the gas production increases which induces the inner battery pressure inner to increase continuously. Based on the laboratory measurements, the gas pressure timevariation function using the generalized Arrhenius model can be obtained as · t (17) where the unit of P(t) is the megapascals (MPa), the unit of time t is the day.
The evaluated parameters for the degradation model of the vent's burst strength include P c , t 0 , B 0 , n and C. As we know, P c is regarded as the boundary between elastic deformation and creep deformation of the safety vent. To seek the gas pressure P c at the transition point, a three-dimensional finite element model of the safety vent was developed on ABAQUS platform with the implementation of elastic-plastic deformation subprogram. Considering the symmetry, 1/4 structure of the vent is simulated. Through discretely changing the gas pressure value loaded on the notch part, the relationships between the pressure and the stress-strain curve in the notch part are determined with multiple simulations (see Figure 12 ). The existed study shows that the aluminum alloy undergoes a continuous elastic-plastic deformation without a clear yield stage [40] . In actual, there is already a slight plastic deformation before the macro yielding point σ 0.2 . Therefore, this paper considers that the creep starts at the micro yield strength point σ mys . Based on a large amount of measured data, σ mys generally equals 0.2σ 0.2 [39] . Thus, creep occurs when the stress on the notch part loaded exceeds σ mys = 0.2σ 0.2 = 13MPa. The corresponding gas pressure P c is 0.021 MPa, based on the stress-gas pressure curve showed in Fig. 10 . Combing with the Eq. (16) , t 0 at 20 • C can be calculated as 45 days.
The average burst strength values of the safety vent in 0, 20, 40, 60, 80 days in ADT tests are presented in Table 3 . the initial burst strength S(0) under different conditions are different from each other. Combing with the validation test data, we can see that S(0) is just dependent on the applied temperature level. Thus, an exponential fitting equation for the initial burst strength isprovided as (18) where t 0 is 45 days, P(t) is determined by the Equation (17) .
To verify the proposed degradation model, validation tests were carried out. Their results are presented in Figure 13 . The mean values are the average of five sample points. The average errors (average of five samples' errors) under three conditions separately are 4.7%, 5.1%, and 3.9%. It can be seen that the model prediction and the actual test data have the same change trend and similar magnitude of change with acceptable errors. Thus, the proposed degradation prediction model can reasonably describe the vent's two-phase degradation process induced by the creep. The errors may be caused by uncertainties associated with the experiment and model. Uncertainties arise from a variety of sources; it can affect the model as section II-D depicted. It can also affect the measured data, due to the noise of surrounding environment.
In practice, temperature varies under different environmental conditions. From collected discrete monitoring data, the temperature range that the safety vent may undergo during the actual service period is [0 • C, 60 • C]. However, this range only reflects the maximum temperature and minimum temperature; the actual operational temperature profile cannot be detected. Here, we calculate lifetime prediction of the safety vent at different temperature points (see Table 4 ). The lifetime prediction at room temperature (20 • C) is 2861 days (approximately 8 years), implying the vent can satisfy the life cycle requirement at this temperature. So protective measures are suggested to guarantee the lithium ion battery operates below 20 • C in most working days.
Then, based on the discussion of section II-D, we assume that the uncertainty exists in the life cycle prediction that σ = σ A f = 0.05, and we utilize a two-level Monte Carlo simulation to obtain the lower and upper reliability curves of safety vent. The mean value of t 0 equals 45 days. The discrete upper and lower reliability levels are identified by repeated calculations utilizing this uncertainty. Connecting these points, the upper and lower reliability curves are obtained as Figure 12 . The predicted lifetime interval of safety vent at 20 • C is [2685 days, 2965 days] when the reliability level r equals 0.5. The result in Figure 14 shows that dispersion of the reliabilityinterval will increase with time gradually. The reason is that gas evolution volume and uncertainty in Brownian motion with drift terms both are the time-dependent functions.
IV. CONCLUSION
This paper proposed a life cycle prediction method based on a creep induced two-phase degradation model for the safety vent. Tests were carried out to obtain the duration of the vent's lifetime and its dispersion. The main conclusions are summarized as below:
1) Creep was determined as the critical failure mechanism of the safety vent during the service period, leading to a delayed two-phase degradation process reducing the vent's burst strength. The critical point of these two phases was treated as the gas pressure corresponding to the micro yield strength point of material, for the reason of the continuous elastoplastic deformation property of safety vent. 2) Based on the two-phase degradation characteristic, a piecewise creep equation was proposed for the vent's life cycle prediction. The temperature and gas pressure were considered as the main kinetics in the equation that can affect the creep process of the safety vent. Moreover, an uncertainty analysis was further studied in the life cycle prediction model. 3) A case study was presented to verify the accuracy of our method. The case study provided a reasonable and convincing estimation for the vent's lifetime under different conditions. The method in this paper can offer a significant reference for the prediction of a safety vent's life cycle under a multi-phase degradation process caused by the variable load. 
